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Introduction
Thermoelectric technology can convert thermal energy to electricity directly, which is a promising environmentally friendly power generation technology [1] [2] [3] [4] . The conversion efficiency of thermoelectric technology is determined by the dimensionless figure of merit ZT = S 2 σT/κ for given thermoelectric materials, where S, σ, κ, and T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature in Kelvin, respectively [5, 6] . In past decades, various efforts have been made to enhance thermoelectric performance and ZT records have been continuously renewed in thermoelectric community [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Recently, the binary compound SnSe has received considerable attention due to its promising thermoelectric performance in p-type crystals [17] [18] [19] . Subsequently, n-type SnSe crystals show a higher ZT value in the a-axis direction (out-of-plane), which is not originally expected and different from the high performance obtained along the b-axis direction (in-plane) in ptype SnSe crystals [20] . Well-established achievements in SnSe crystals indeed triggered enormous enthusiasm in the field of thermoelectrics; however, the time-cost method for crystal growth and its poor mechanical properties in crystals motivate us to investigate the polycrystalline SnSe. It is highly expected to get both the high performance and mechanical properties in textured polycrystalline SnSe with orientation grains [21] . Wang et al. prepared the textured polycrystalline SnSe via zone melting and hot pressing [22] . It was found that the high texturing degree is essential for obtaining high carrier mobility and therefore high thermoelectric performance; a peak ZT of 1.3 at 793 K was observed in the plane perpendicular to the hot pressing direction. Repeated pressurized sintering is more facile and effective to form the textured microstructure in some thermoelectric materials with a layered structure [23] [24] [25] . Moreover, the texturing processing with using mechanical alloying (MA) and spark plasma sintering (SPS) instead of conventional hot pressing will produce lower thermal conductivity because the rapid SPS process inhibits the grain growth for MAed fine powders [26, 27] .
In this work, the thermoelectric properties of n-type polycrystalline SnSe were firstly realized through optimizing carrier concentration via Br doping. Then, it was found that a maximum ZT of~1.3 can be obtained at 783 K in the sample with highly textured structures produced by MA and SPS technology. With further compensating Sn vacancies for the textured sample with high performance, the maximum ZT was boosted to~1.5 at 783 K in n-type polycrystalline Sn 1.005 Se 0.94 Br 0.06 , This work indicates that the SnSe is one promising thermoelectric material and the thermoelectric performance for the materials with a layered structure could be effectively improved through utilizing its anisotropic transport behavior.
Results
First of all, the optimal amount of Br-doping in SnSe samples was determined. The temperature dependence of thermoelectric properties for SnSe 1-x Br x (x = 0~0.07) along the perpendicular direction to the SPS pressure is shown in Figure 1 . Undoped SnSe sample is an n-type semiconductor due to the Sn compensation, which has a low electrical conductivity and a large absolute value of Seebeck coefficient (see Figures 1(a) and 1(b) ). Pristine SnSe is most often p-type due to Sn vacancies [17, 28] . Herein, trace Sn compensation (additional 0.1% Sn) makes the undoped SnSe exhibit n-type semiconductor characteristics because ball milling is more effective than a melting process to impede the generation of cation vacancies [29] . Br-doping obviously enhances the electrical conductivity, especially in the high temperature range, from 4.9 S cm -1 of the undoped sample to 29.5 S cm -1 of the x = 0:06 sample at 783 K. The absolute value of Seebeck coefficient and electrical conductivity in all Br-doped samples increase with the increasing temperature. This simultaneous enhancement in electrical conductivity and Seebeck coefficient was also reported on some p-type and n-type SnSe [30] [31] [32] [33] [34] , indicating the nondegenerate characteristic of SnSe. Figure 1 (c) shows the temperature dependence of the total and lattice thermal conductivity for SnSe 1-x Br x (x = 0~0.07) samples along the direction that is perpendicular to the SPS pressure. Due to the low electronic thermal conductivity, the value of total thermal conductivity is similar to that of the lattice thermal conductivity, which decreases with the increasing Br-doping amount for the enhanced phonon scattering induced by defects in the lattice and/or at the grain boundaries. The inset in Figure 1 (c) shows a T −1 relationship between κ lat and temperature reveals that the Umklapp scattering dominates the phonon transport process. Along the perpendicular direction to the SPS pressure, the maximum ZT value of 0.9 is obtained for the x = 0:06 sample at 783 K, as shown in Figure 1(d) . Based on the aforementioned optimal Br-doping amount, the influence of the SPSed texturing structure on the thermoelectric performance was subsequently studied.
Figures 2(a) and 2(b) present the XRD patterns for the SnSe polycrystalline samples before and after the texturing process along the directions that are perpendicular and parallel to the SPS pressure, respectively. The peaks show a well match to the standard pattern of SnSe (PDF# 48-1224) and can be indexed based on the orthorhombic phase (space group Pnma). The variation of (111) and (400) peak intensities for the SnSe 0.94 Br 0.06 indicates the anisotropic structure along the different directions, and this anisotropy is significantly enhanced by SPS pressing, as shown by the fact that the (111) peak almost disappears and (400) 0673) is observed and its effect on the thermoelectric performance will be discussed later. The texturing degree is then determined by the orientation factors, F, using the following equations [35] :
where P and P 0 are the ratio of integrated intensities of all (h00) planes to the intensities of all (hkl) planes for preferentially and randomly oriented samples. It is clear that the discrete spots of (400) pole are very concentrated compared to that of (111) pole, which is consistent with the sharp (400) peak in Figure 2 (a), being indicative of the significantly oriented texture. Moreover, the textured morphologies are also clearly illustrated in the SEM images as shown in Figures 2(e) and 2(f). Corresponding to the layered crystal structure along the parallel direction to the SPS pressure, the flake grains appear along the perpendicular direction, indicating that all crystallites roughly orient in a similar direction. Two typical samples used in this work are shown in Figure 2 (g) for one-time SPS and Figure 2 (h) for texturing treatment with 3-time SPS. Both samples have the metallic luster, and an even denser microstructure could be obtained after the texturing process as the relative densities increase from~92% to >97% of the theoretical density of SnSe.
The temperature dependence of the electrical conductivity for the polycrystalline SnSe samples before and after texturing process is investigated and shown in Figure 3 have the slightly lower electrical conductivity in the parallel direction (cross-layer) to the SPS pressure, while they exhibit better electrical performance along the perpendicular direction (in-the-layer). Such a converse impact comes from the alignment of grains during the texturing process, leading to the attenuation of grain boundary scattering in the layer. The measured carrier mobility, as shown in Figure 3 (c), confirms the above explanation as the carrier mobility increases largely in the perpendicular direction with a similar carrier concentration. It should be noted that the carrier mobility exhibits an increased tendency with increasing temperature before~700 K, which clarifies that the enhancements of electrical conductivity with temperature actually originate from the increase of mobility rather than the activation of carriers. This phenomenon is uncommon in semiconductors and related to the grain boundary scattering of carriers [36] , which is also detected in Mg 3 Sb 2 [37] . The increased mobility at elevated temperature realizes the simultaneous optimization of electrical conductivity and Seebeck coefficient, leading to a superior power factor at 783 K, as shown in Figure 3(d) .
Furthermore, the Seebeck coefficient also shows an interesting trend corresponding to the SPSed texturing structure. Compared to the similar value of the Seebeck coefficient in the two directions for the SnSe 0.94 Br 0.06 , as shown in Figure 3 (b); the absolute value of the Seebeck coefficient increases in the parallel direction to the SPS pressure, but decreases in the perpendicular direction after the texturing process. In order to have a deep insight into the variation of the Seebeck coefficient, the carrier concentration dependence of the Seebeck coefficient at 783 K, usually known as Pisarenko lines [38] , is presented in the inset of Figure 3 (b). The single parabolic band (SPB) model with acoustic phonon scattering is applied to roughly determine the density of state (DOS) effective mass. A DOS effective mass of 0.9 m e can match the data along the perpendicular direction to the SPS pressure for the textured samples, while the Seebeck coefficient along the parallel direction falls onto the line with an effective mass of 1.5 m e . In our opinion, the anisotropy of the Seebeck coefficient and DOS effective mass are caused by the strong anisotropic nature due to the SPSed texturing structure, which may affect the transport directions of the carriers in crystals. The dependence of the Seebeck coefficient on the crystallographic orientation is also reported in β-FeSi 2 crystals and BiSb thin films [39, 40] ; nevertheless, we need to admit that the mechanism between strong textures and the DOS effective mass in polycrystalline SnSe is still not clear and needs further study.
Figure 4(a) shows the temperature dependence of the total thermal conductivity (with an inset of the lattice thermal conductivity) for the polycrystalline SnSe samples before and after the texturing process; unfilled symbols and filled symbols present the properties measured along the directions that are perpendicular and parallel to the SPS pressure, respectively. The reported thermal conductivities along the in-plane (unfilled star symbols) and out-of-plane (filled star symbols) directions in the n-type SnSe crystal are also given for comparison [20] . An enhanced textured structure elevates the thermal conductivity in the perpendicular direction due to the increased relative density and the weakened grain boundary scattering, as shown by unfilled symbols in Figure 4(a) . Fortunately, as shown by filled symbols in Figure 4 (a), the strong texture-induced violent cross-layer scattering significantly decreases the thermal conductivity along the parallel direction to the SPS pressure, which is consistent with the fact that the intrinsically ultralow thermal conductivity of SnSe comes from the layered structure [41] . The lowest thermal conductivity of 0. is obtained in the textured SnSe 0.94 Br 0.06 . Although this thermal conductivity is still larger than the reported value of 0.25 Wm -1 K -1 in n-type crystalline SnSe and polycrystalline SnSe bulks [20, 42] , the increased electrical transport properties lead to a high ZT value of 1.3 at 783 K for the textured SnSe 0.94 Br 0.06 , as shown in Figure 4 (b), whose better performance lines in the direction that is parallel to the SPS pressure. In summary, the texturing process increases the ZT value in the cross-layer direction, suggesting the effectiveness of texture modulation on improving the thermoelectric property of n-type SnSe polycrystalline bulks.
To further enhance the thermoelectric properties of SPSed texturing Br-doped SnSe samples, the introduction of excess Sn is expected to promote the electrical transport properties as donor doping. As shown in Figures 3(a) and  3(b) , it is as expected that the Sn-excessed samples have Figure 5(a) shows the cobblestone-shaped grains with a size of 300~400 nm in the layer, and the EDS clearly clarifies the SnSe matrix (red cross (1)) and Sn particle (red cross (2) and circled by a white dotted line). In the cross-layer, a lot of pleat-shaped grains are observed and the SAED pattern of the red cross (3) in Figure 5 (b) is indexed as SnSe of the Pnma space group. Furthermore, some bar-like grains circled by a red dotted line, as shown in SAED pattern of the red cross (4), which are determined as Sn with the I41/amd (141) space group. These Sn particles with the width of 100 nm lies in the grain boundary or embeds into the SnSe grains and would usually increase the thermal conductivity of SnSe-based thermoelectric materials due to its intrinsically high thermal conductivity. However, as shown in Figure 4(a) , the Sn-excessed sample has the very similar total thermal conductivity as the textured SnSe 0.94 Br 0.06 . The inset in Figure 4 (a) indicates that the lattice thermal conductivity mainly contributes to the total thermal conductivity, and it is also anisotropic and decreases significantly along the parallel direction to the SPS pressure due to the enhanced phonons scattering in the cross-layer. Interestingly, the lattice thermal conductivity of textured Sn 
Discussion
This work demonstrated the performance enhancement in n-type polycrystalline SnSe alloys through optimizing carrier concentration and designing textured microstructures. Textured SnSe 0.94 Br 0.06 was fabricated by MA and repeated SPS process, and the ZT values at 783 K steeply increased from 1.0 to 1.3. Excess Sn was used in the textured Sn 1.005 Se 0.94 Br 0.06 to enhance the electrical transport properties, as shown in Figure 3(c) ; the carrier concentration is similar in the two directions, and it is slightly larger than that of n-type SnSe crystal (star symbol) at~783 K [20] . However, significant anisotropy of the carrier mobility was observed, and the value of~25.0 cm 2 V -1 S -1 (783 K) in the cross-layer direction (filled symbols) is far less than that of the SnSe crystal (star symbol), as shown in Figure 3(c) , in which overlapping charge density fills the interlayers and facilitates the high out-of-plane carrier mobility [20] . The degradation of cross-layer carrier mobility in the present textured samples is mainly caused by the interlayer scattering due to the enhanced polycrystalline texture structures.
The texturing process makes the ZT values show significant anisotropy along the different directions to the SPS pressure, as shown in Figure 4(b) , and greatly benefitted the Figure 4 : The temperature dependence of (a) thermal conductivity (unfilled and filled star symbols present the reported data along the inplane and out-of-plane directions in the n-type SnSe crystal [20] , respectively; the inset shows lattice thermal conductivity) and (b) ZT values for the polycrystalline SnSe samples before and after texturing process; unfilled symbols and filled symbols present the properties measured along the directions that are perpendicular and parallel to the SPS pressure, respectively. The inset schematic figures show the measurement directions for electrical and thermal transport properties. thermoelectric performance in the parallel cross-layer direction which was similar to the enhancement of out-of-plane ZT in n-type SnSe crystals due to 3D charge transport behavior from the overlapped charge density between the SnSe layers. A maximum cross-layer ZT value of~1.5 was achieved at 783 K in the textured Sn 1.005 Se 0.94 Br 0.06 , but this value is still much smaller than that in n-type SnSe crystals. Except for the low carrier mobility in the cross-layer direction, another reason is the high thermal conductivity. Although the low thermal conductivity of 0.36 Wm -1 K -1 (783 K) for textured samples is reduced~17% compared to SnSe 0.94 Br 0.06 along the parallel direction (filled symbols) to the SPS pressure, as shown in Figure 4 (a), it is still higher than the outof-plane thermal conductivity of the SnSe crystal [20] . On the other hand, compared to the in-plane thermal conductivity (unfilled star symbols), the lower values for textured samples prove the effect of grain boundary scattering on reducing thermal conductivity. This indicates that although the texturing process makes the high orientation factors of 0.71, leading to enhanced grain boundary scattering in the cross-layer direction, it is not as good as the phonon scattering by the complete orientation in SnSe crystals. So further aligning the crystals in the low thermal conductivity along the crosslayer direction by the texturing process is important to enhance the thermoelectric performance. Additionally, the surface oxides on polycrystalline SnSe materials during the polycrystal preparation will also increase the thermal conductivity and simultaneously deteriorate carrier mobility [43, 44] . Based on the new strategies provided in this work, further strengthening the textured structures and improving the cross-layer electron transport through enhancing carrier concentrations will help us to enhance the thermoelectric performance of the materials with strong anisotropic structures.
Materials and Methods
4.1. Sample Synthesis. High-purity Sn (powder, 99.99%), Se (powder, 99.99%), and SnBr 2 (powder, 99.4%) were weighed in a glove box with an Ar atmosphere. Different amounts of raw materials were mixed according to the stoichiometric ratio of Sn y Se 1-x Br x (x = 0~0.07, y = 1, and 1.005) in an Argon-protective atmosphere (>99.5%) and then subject to mechanical alloying on a planetary ball milling machine (QM-3SP4, Nanjing University, China) at 450 rpm for 15 hours. Stainless steel vessels and balls were used, with a weight ratio of ball to powder of 20 : 1. The mechanically alloyed powders were densified by SPS (SPS-211Lx, Japan) in a Φ12 mm graphite mold at 793 K for 5 min under an axial pressure of 50 MPa in vacuum. Considering that undoped SnSe is always p-type due to cation vacancies, an additional 0.1% Sn (unmarked in the formula) was added for compensation in SnSe 1-x Br x (x = 0~0.07) in order to obtain n-type samples.
The texturing process can be described as follows: The polished cylinder-shaped samples of Φ12 were put into a Φ15 mm graphite mold and SPSed again to obtain textured bulks through the extra space. The As-synthesized bulks were then polished and followed by the third-time SPS in Φ20 mm graphite mold to obtain textured bulks through the extra space, finally resulting in cylinder-shaped samples with a thickness of 9 mm. The sintering process of the secondand the third-time SPS is exactly the same with that of the first-time SPS. In order to express expediently in the text, the samples after the texturing process (3-time SPS) were named textured samples, e.g., textured SnSe 0.94 Br 0.06 , distinguished to the SnSe 0.94 Br 0.06 without textures.
4.2.
Phase and Microstructure Identification. Samples' phase purity and textured structures were studied using X-ray diffraction (XRD, RINT 2000, Rigaku, Japan) with Cu Kα radiation. X-ray pole figures were measured to study the crystal direction distribution using a Bragg-Brentano focusing with 2 mm Schulz slit and 0.67°divergence slit, 1.3 mm anti-scatter slit, and 0.6 mm receiving slit (XRD, D/max-RB, Rigaku, Japan). Scanning electron microscopy (SEM) images were taken in the secondary electron (SE2) and backscattering electron (BSE) detector modes using a field emission scanning electron microscope (FE-SEM, JSM-7001, JEOL, Japan). Microstructure and selected area electron diffraction (SAED) as well as the energy-dispersive X-ray spectroscopy (EDS) patterns were observed using a transmission electron microscope (TEM, JEM-2100, JEOL, Japan). Copper rings (AZS21, EMD, China) and glue (ELEMER, USA) were used to hold the samples for TEM, and so elements Cr and N existing in there were detected in the EDS spectra, as shown in Figure 5. 4.3. Thermoelectric Property Measurement. The sintered samples were cut perpendicularly and parallelly to the SPS pressure direction into bars with dimensions about 9 mm × 2 mm × 2 mm for the simultaneous measurement of the Seebeck coefficient (S) and electrical conductivity (σ) using the Seebeck coefficient/electric resistance measuring system (ZEM-3, Ulvac-Riko, Japan) under a helium atmosphere from 323 K to 783 K. Heating and cooling cycles gave repeatable electrical properties, which indicate that the properties are thermally stable. The electrical properties obtained from different slices cut from the same pellets were similar along the same pressing direction, attesting the homogeneity of the samples. Disk-shaped samples were cut from the sintered samples along the perpendicular and parallel directions to the SPS pressure, respectively. After polishing and coating with a thin layer of graphite to minimize errors from the emissivity of the material, the disk-shaped samples (Φ6 mm × 1 mm) were used to measure the thermal diffusivity (D) with the laser flash diffusivity method (Netzsch, LFA 457, Germany) ( Figure S1(a) ). The value of specific heat (Cp) was referenced from Ref. [20] . The density (d) was got from the Archimedes method (Table S1 ). Finally, the total thermal conductivity was calculated via the equation κ = DC p d. The magnitude of electrical thermal conductivity κ ele could be calculated by the Wiedemann-Franz equation, κ ele = LσT, where L is the Lorenz number, σ is the electrical conductivity, and T is the absolute temperature. The calculated L is shown in Figure S1 (b). Lattice thermal conductivity (κ lat ) is calculated by subtracting electronic thermal conductivity (κ ele ) from total thermal conductivity (κ tot ). The Hall coefficient (R H ) of samples was measured under a reversible magnetic field of 0.52 T (ResiTest 8340DC, Toyo, Japan). Carrier concentration and carrier mobility were calculated by n H = 1/ðeR H Þ and μ H = R H σ, respectively. Due to the layered structure of SnSe, both the Hall coefficient and the electrical and thermal transport properties of the samples were measured along the same directions. The overall uncertainty of ZT is about 20% due to 5% uncertainty of the Seebeck coefficient, electrical conductivity, and thermal conductivity, respectively.
